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On the Realism of Tropical Cyclone Intensification in Global
Storm-Resolving Climate Models
Alexander J. Baker' ¢, Benoit Vanniére?, and Pier Luigi Vidale'

'National Centre for Atmospheric Science and Department of Meteorology, University of Reading, Reading, UK,
*European Centre for Medium-Range Weather Forecasts, Bonn, Germany

Abstract The physical processes governing a tropical cyclone's lifecycle are largely understood, but key
processes occur at scales below those resolved by global climate models. Increased resolution may help simulate
realistic tropical cyclone intensification. We examined fully coupled, global storm-resolving models run at
resolutions in the range 28-2.8 km in the atmosphere and 28-5 km in the ocean. Simulated tropical cyclone
activity, peak intensity, intensification rate, and horizontal wind structure are all more realistic at a resolution of
~5 km compared with coarser resolutions. Rapid intensification, which is absent at typical climate model
resolutions, is also captured, and exhibits sensitivity to how, and if, deep convection is parameterized.
Additionally, the observed decrease in inner-core horizontal size with increasing intensification rate is captured
at storm-resolving resolution. These findings highlight the importance of global storm-resolving models for
quantifying risk and understanding the role of intense tropical cyclones in the climate system.

Plain Language Summary Simulating strong tropical storms (i.e., major hurricanes, super
typhoons) with climate models is challenging because important processes that act to intensify a storm occur
over spatial scales that are too small for global models to capture. Typical models lack sufficient resolution in
the atmosphere and ocean, often constrained by computational resources. Recently, in a few models, resolution
has increased to a point where each grid cell represents an area of just a few square kilometres, a significant leap
of one or two orders of magnitude. We analyzed tropical storms simulated by these state-of-the-art, so-called
storm-resolving models and found that peak tropical storm intensity and the rate at which storms intensify are
both more realistic. These models also simulate the rapid intensification of tropical storms and capture the small
eye diameters often seen in the most intense storms. Our work provides evidence that storm-resolving resolution
may help us better understand the role of tropical storms in the climate system and predict their behavior in a
warming climate.

1. Introduction

Tropical cyclones (TCs) are the costliest synoptic-scale meteorological phenomenon (World Meteorological
Organization, 2021), containing mesoscale and convective-scale updrafts, eyewalls and rainbands. New analyses
highlight an increasing trend in their destructiveness over recent decades (Elsner, 2020; Klotzbach et al., 2022)
and the disproportionately high exposure of socioeconomically underprivileged populations to TC hazards
globally (Jing et al., 2024). Simulating realistic TCs is therefore a vital ambition in weather and climate modeling.
The physical processes governing a TC's lifecycle are relatively well understood, but many of these processes
occur at scales below those resolved by global climate models. This undermines our understanding of TC risk and
precludes reliable predictions of TC behavior in a warming climate. A key aspect of current climate model
development for simulating TCs is increased horizontal resolution in both the atmosphere and ocean (Kreussler
et al.,, 2021; Roberts et al., 2020; Vanniere et al., 2020). State-of-the-art models, whose resolutions are
approaching the kilometer scale, are termed global storm-resolving models (GSRMs; Satoh et al., 2019). It is
anticipated that such resolutions—nominally <10 km—resolve many of the physical processes important for
cyclogenesis and cyclone intensification (Judt et al., 2021).

Global climate models with horizontal resolutions of ~1° fail to capture TC frequency (Roberts et al., 2020),
intensity (Davis, 2018), and wind structure (Vanniere et al., 2020). Increasing resolution from ~1° to ~0.25°—
now typical in global modeling—improves simulated TC characteristics, but intensity remains significantly
underestimated (Roberts et al., 2020). Furthermore, simulated intensification rates are too slow (Davis, 2018)
and rapid intensification (RI) of TCs, defined as the 95th percentile of 24-hr intensity changes (Kaplan &

BAKER ET AL.

1 of 10


https://orcid.org/0000-0003-2697-1350
https://orcid.org/0000-0002-1800-8460
mailto:alexander.baker@reading.ac.uk
https://doi.org/10.1029/2024GL109841
https://doi.org/10.1029/2024GL109841
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2024GL109841&domain=pdf&date_stamp=2024-08-28

V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Geophysical Research Letters 10.1029/2024GL109841

DeMaria, 2003), is not captured by coarse models. These shortcomings are also true of the latest, similar-
resolution reanalyses (Aarons et al., 2021; Dulac et al., 2024). Capturing RI is particularly important because
most of the strongest TCs undergo RI (Lee et al., 2016), yet forecast errors are typically several times larger for
RI than non-RI cases (Majumdar et al., 2023; Trabing & Bell, 2020). Hurricane Otis (October 2023), for
example, intensified by 74 m s~'—from tropical storm to category 5—in under 24 hr prior to landfall, but this
was not forecast by any operational model (Garcia-Franco et al., 2024). In forecasting, initialization and
assimilation of observational data aid model realism, but insufficient resolution contributes to intensity errors
(Tam et al., 2021). GSRMs, run at resolutions akin to those of current operational forecasts, may help un-
derstand models' capabilities at these scales without initialization. In particular, model deficiencies may result
from not capturing the observed association of the highest intensification rates with smaller TC inner-core size
(Sparks & Toumi, 2022; Xu & Wang, 2015) and not representing inner-core processes (Trabing & Bell, 2020)
—both require high atmospheric resolution (Moon et al., 2020). RI is expected to occur more frequently in a
warmer climate (Bhatia et al., 2022), so the scientific and societal rationales for simulating realistic RI are
equally compelling.

Judt et al. (2021) analyzed TCs in 40-day, atmosphere-only GSRM simulations and found that models capture
realistic intensities, but exhibit disparate frequency, intensity, size, and structure biases. As noted by Judt
et al. (2021), longer simulations are needed to draw general conclusions about simulated TC characteristics, and
there is a need to assess storm-resolving resolution in the fully coupled system, as atmosphere-only models
simulate more intense TCs because ocean feedbacks, which reduce intensity, are not included (Zarzycki, 2016). In
this paper, we analyzed TCs in model-development simulations performed with two fully coupled GSRMs,
spanning resolutions of 28 to 2.8 km in the atmosphere and 28 (0.25°) to 5 km (0.083°) in the ocean. These multi-
year simulations provide an opportunity to examine TC realism at storm-resolving scales in detail ahead of
forthcoming climate-length (i.e., >30 years) GSRM simulations. (Here, “realism” refers to similarity to obser-
vations.) Our focus is on simulated TC frequency, intensity, and horizontal wind structure. Model and obser-
vational data and methods are described in Section 2, results presented in Section 3, and further discussion
presented in Section 4.

2. Data and Methods
2.1. Global Storm-Resolving Models

We analyzed simulations performed during model-development cycles 2 and three of the Next-Generation Earth
Modeling Systems (nextGEMS) project (Table S1 in Supporting Information S1) with two fully coupled GSRMs.
These are the European Center for Medium-Range Weather Forecast's (ECMWF) Integrated Forecasting System
(IFS; Lang et al., 2023; Rackow et al., 2024), run with the Nucleus for European Modeling of the Ocean (NEMO)
model at 0.25° resolution or the Finite Element Sea Ice Ocean Model (FESOM) on the eddy-resolving NG5
(5 km) grid, and the Max Planck Institute for Meteorology's Icosahedral Nonhydrostatic Weather and Climate
Model (ICON; Hohenegger et al., 2023; Koldunov et al., 2023), run with the ICON-O ocean model (Korn
et al., 2022). Changes between cycles 2 and 3 are as follows. In cycle 2, IFS cycle 47r3 was run at 9 km resolution
(TC1279) with parameterized deep convection and NEMO, and at 4.4 and 2.8 km resolution (TC;2559 and
TCp3999, respectively) with explicit deep convection and FESOM. In cycle 3, IFS cycle 48r1 was run with
parameterized deep convection at 28 (TC5399) and 9 km with NEMO and at 9 and 4.4 km with FESOM. In the
4.4-km simulation, cloud-base mass flux is scaled by a factor of 1/6, resulting in a more realistic distribution of
intense precipitation (Rackow et al., 2024). In cycle 2, ICON was run with explicit convection at 10 and 5 km
resolution, including a Smagorinsky turbulence parameterization. Another 10-km simulation was performed with
the total turbulent energy (TTE) scheme of Axell (2002). In cycle 3, a Langmuir turbulence parameterization
(Mauritsen et al., 2007) was included, which slightly deepens the ocean mixed layer. All simulations were
initialized at 0 UTC on 20 January 2020, and simulation lengths are given in Table S1 of Supporting
Information S1.

2.2. Tropical Cyclone Observations

Simulations were compared with version 4.0 of the National Oceanographic and Atmospheric Administration's
International Best-Track Archive for Climate Stewardship (IBTrACS) data set (Knapp et al., 2018). All wind
speed data were converted to 1-min “sustained” mean wind speed, following revised World Meteorological
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Organization (WMO) guidance (Harper et al., 2010). The WMO-standard 10-min averaging period may be less
comparable to instantaneous model output, and recent analyses (Judt et al., 2021; Roberts et al., 2020) also
adopted a 1-min period. We prioritized wind data from the WMO Regional Specialized Meteorological Center
responsible for each ocean basin. If no such data were available, we used data from the U.S. Department of
Defense Joint Typhoon Warning Center or China Meteorological Administration, if available. In all cases, 0, 6,
12, and 18 UTC timesteps were used. Prior to the satellite era, IBTrACS data are less reliable (Schreck III
etal., 2014; Vecchi et al., 2021) and operational data-collection and reporting procedures not only differ between
WMO agencies but have also varied through time (Knapp & Kruk, 2010). Therefore, we used data over the period
1980-2022, and spur tracks (non-WMO tracks reported for a given TC, which may differ from the “main” track),
short tracks with a lifetime of less than one day, and tracks lacking pressure or wind data were omitted from our
analyses. This post-processing is similar to that performed by Dulac et al. (2024). Using post-1980 data minimizes
the impact of discrepancies between operational delineation of observed tracks and the objective methods applied
to model data. RI was defined using the observed threshold of 15.4 ms™' 24hr™" for all model simulations.

2.3. Tropical Cyclone Tracking

TCs were tracked in 6-hr nextGEMS data using the feature-tracking algorithm TempestExtremes (Ullrich &
Zarzycki, 2017; Ullrich et al., 2021), chosen for its tendency to detect similar TC durations to IBTrACS (Bourdin
etal., 2022). Following previous studies (Bourdin et al., 2022; Roberts et al., 2020; Ullrich et al., 2021), candidate
points were identified by a closed-contour criterion: a sea-level pressure increase of >2 hPa over 5.5° from
pressure minima. The presence of an upper-level warm core was identified by a geopotential thickness, Z,54—Zs,
decrease of >6 m (58.8 m* s™2) over 6.5° from a reference Z,s,—Zsq, maximum within 1° of a given pressure
minimum. Additional criteria were employed to merge candidate points, where necessary, within 6° and stitch
candidates in time into cyclone tracks with a minimum duration of 54 hr and a minimum track length of 8°, which
eliminates stationary features and spurious shallow lows. (All radii are geodesic.) Tracking algorithms typically
diverge for weaker TCs (Bourdin et al., 2022), and, given recent work on the impact of horizontal resolution on
TC intensity and structure (Garcia-Franco et al., 2023; Judt et al., 2021; Kim et al., 2018; Roberts et al., 2020),
tracking and attribution of sea-level pressure and near-surface (10-m) wind fields to tracked TCs here was
performed at native model resolution to avoid smoothing out cyclone-associated features. For IFS, tracking was
performed on dynamical fields remapped from the model's native (octahedral reduced Gaussian) grid to a regular
grid, which does not affect tracking results (Figure S1 in Supporting Information S1). For ICON, TC tracking in
cycle 2 was performed on ICON's native (icosahedral triangular) grid. In cycle 3, ICON model output in cycle
three is on the equal-area, iso-latitude HEALPix hierarchical grid for which mesh size is given by 12 X 4°, where z
is a non-negative integer denoting the zoom level. Data were extracted at z = 8 and z = 10, corresponding to
horizontal resolutions of 24 and 6 km, respectively, and remapped to a regular grid using nearest-neighbor
interpolation. Example TempestExtremes commands are given in the Supporting Information S1. Multi-year
simulations yield realistic global TC distributions, albeit with higher-than-observed TC frequency in the South
Atlantic, but sample sizes in shorter simulations (1-2 years) result in noisy, less realistic distributions in some
basins (Figure S2 in Supporting Information S1).

3. Results
3.1. Tropical Cyclone Frequency

Annual-mean TC frequency, nye, and TC days, drc, show sensitivity to resolution and differ between IFS and
ICON (Figures la and 1b). In IFS, simulated ny in both cycle 2 and 3 is closer to observations at higher res-
olutions, although cycle-2 simulations at 4.4 and 2.8 km span less than 1 year. However, dyc is underestimated by
IFS, indicating the presence of shorter-lived TCs. Distributions of TC lifetime, trc, confirm this (Figure S3 in
Supporting Information S1). Both models generally underestimate the frequency of #¢ in the range 10-17 days.
IFS simulations at 4.4 and 2.8 km with explicit deep convection (cycle 2) differ from the other IFS and ICON
simulations (Figure S3 in Supporting Information S1), and ICON simulates relatively short-lived TCs more
frequently than observed, consistent with track density patterns (Figure S2 in Supporting Information S1). ¢
therefore exhibits greater sensitivity to whether deep convection is explicit or parameterized than to resolution.
Additionally, cycle-3 IFS simulations at 9 km reveal an increase in nc and drc with FESOM at 5 km compared
with NEMO at 0.25°. ICON shows stronger sensitivity to model formulation than to atmospheric resolution:
simulated n ¢ and drc exceed observational values in cycle 2 but are closer to IBTrACS in cycle 3. Accumulated
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Figure 1. Annual-mean TC statistics in IBTrACS observations (black) and nextGEMS simulations: (a) TC frequency, nc, (b) cumulative TC days, dy, and
(c) accumulated cyclone energy, Zumz, scaled by 10™*, Bars represent global statistics and hatched areas represent the Northern Hemisphere. Tropical depressions (i.e.,

systems with v,

< 17 ms™") were excluded.

cyclone energy (ACE), a cumulative measure of TC activity (intensity and frequency), is well simulated in cycle 3
by IFS at 4.4 km and by ICON, although model performance is better globally than for the Northern Hemisphere
(Figure 1c).

3.2. Tropical Cyclone Peak Intensity and Intensification Rate

A clear distinction between IFS and ICON exists in simulating the relationship between TC minimum central
pressure, p..i., and near-surface wind speed, v,,,, (Figure 2). IFS generally captures the observed relationship and
shows sensitivity to atmospheric resolution, particularly in cycle 3: for v,,,,, simulated TCs reach category 2 at
28 km and category 5 at 4.4 km. A caveat is the sample size of intense storms in a 5-year simulation may be
insufficient to assess significance; the distinct curve of the 2.8-km simulation (cycle 2) is likely due to small

sample size. The strongest v,,,, simulated by IFS is 89 m s™', which ranks among the strongest observed TCs.

max
ICON simulates deep systems; the lowest simulated p,;, is 863 hPa. However, v,;, is too weak for a given p ..,
and this model error deteriorates from cycle 2 to cycle 3. Marginal p,,,;, distributions also demonstrate this. This is
potentially related to the Langmuir turbulence parameterization used in cycle 3, which slightly deepens the ocean
mixed layer, which may impact TC-induced sea-surface cooling (Wu et al., 2018). Two aspects of the observed
wind-pressure relationship hamper comparisons with model data. First, observed wind speeds are estimates of
maximum sustained gusts, whereas models output instantaneous wind. Second, the representativeness of point-
wise observations, including retrievals and estimations, for simulated wind speeds, which are grid-cell averages,

is questionable, especially at coarser resolution.

In addition to peak intensity, it is important to analyze intensification rates, including RI. We first composited the
temporal evolution of v, and p,.;, for the upper decile of observed and simulated TCs (Figures 3a and 3b). IFS
exhibits strong sensitivity to resolution. At 28 km (cycle 3), TC intensity increases too slowly and peaks at
approximately half the observed value. Simulations at 9 and 10 km are closer to IBTrACS. At 4.4 km, IFS mimics
(Figure 3a) and p,,,;, (Figure 3b). ICON at 5 km (cycle 2) performs well for v,
but p,.in 1 too low, consistent with Figure 2. Unexpectedly, ocean model/resolution has little apparent impact in
IFS: 9-km simulations with FESOM or NEMO show little difference for v, ,, or p.in-

observations for composite v,

RI is similarly sensitive to atmospheric resolution (Figures 3c and 3d). IFS at 2.8 km (cycle 2) and 4.4 km (cycle
3) simulates distributions of 24-hr intensification rates close to observations (Figure 3c). ICON at 5 km (cycle 2)
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Figure 2. Relationship (second-order polynomial fits) between per-TC v, and p, .., for IBTrACS observations (black) and
nextGEMS simulations, with marginal v, and p_.. frequency distributions shown in the top and right-hand panels,
respectively (note log scales). TC categories, defined following Klotzbach et al. (2020) and the Saffir-Simpson scale for p, ;.
and v, respectively, are delineated by gray, dashed lines. The legend gives the horizontal atmosphere and ocean
resolutions of each simulation.
also simulates RI cases, though less frequently. Sample sizes are small at the upper tails of the distributions—
hence, noisy model curves—and longer simulations will be particularly beneficial here. RI ratio, a measure of
RI occurrence defined following Bhatia et al. (2022) as the ratio of 24-hr v,,,, changes above the RI threshold to
non-RI v, .. changes, simulated by IFS at 4.4 km (cycle 3) is close to the observed ratio (Figure 3d). In cycle 2,
ICON simulates an Rl ratio that is almost a factor 2 higher at 5 km than at 10 km, but remains below the observed
value, and this metric deteriorates in cycle 3, again potentially due to a deeper mixed layer.
3.3. Tropical Cyclone Size and Wind Structure
Judt et al. (2021) reported variation among GSRM:s in representing mean TC size. Here, we assess how realistic
simulated inner-core, outer size, and horizontal wind structure are at high resolution, focusing on IFS simulations,
which span the largest range in atmospheric resolution available in nextGEMS. Radial profiles of tangential wind
speed, v,, show smaller radius of maximum wind (RMW) with increasing resolution (Figure 4a). This result
confirms the trend described by Vanniére et al. (2020) and Moon et al. (2020), who demonstrated a reduction of
horizontal inner-core size with resolution increases in the range ~1 to ~0.25°. Additionally, IFS simulations
generally agree with the observed mean RMW across resolutions of 9-2.8 km. Again, little sensitivity to ocean
BAKER ET AL. 5of 10
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Figure 3. Composite TC intensity lifecycles for IBTrACS observations (black) and nextGEMS simulations, centered on peak v, (f = 0), indicated by the gray, dashed
line, for (a) v,,,, and (b) p,.;,. Analysis was performed for the upper decile (i.e., most intense by lifetime-maximum intensity) of both observed and simulated TCs.
(c) Distribution of 24-hr v, changes (positive = intensifying; negative = weakening), with (c, inset) intensification rates defined as RI (i.e., >15.4 m s™! 24°h ™!,
indicated by the gray, dashed line) enlarged. For each TC, all RI instances were included. (d) Observed and simulated Rl ratio, a measure of RI occurrence, computed for
the 15.4 m s™' 24 hr™' threshold. By construction, the IBTrACS Rl ratio is 0.05 (i.e., 5%). The legend gives the horizontal resolutions of the atmosphere and ocean for
each simulation, and bar labels in (d) also give the atmosphere resolution.
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Figure 4. Horizontal wind structure of TCs simulated in IFS. (a) Azimuthal-mean (i.e., radial). profiles of v, for all TCs with p_;. < 975 hPa. The observed mean and

standard deviation of radius of maximum wind (RMW) are indicated by the black and gray vertical lines, respectively. (b) Distribution of TC size, estimated by Rj.
(c) Distribution of IKE, computed within Rg. Mean and standard deviation of Rg and IKEg for each simulation are indicated by the jittered points (plotted against the x-

axis only), with size scaled by mean v,

max

. (d) Relationship between TC intensification rate (24 hr~') and RMW, following Xu and Wang (2015). (e) Relationship

between LMI and RMW. Linear fits are shown in (d) and (e). The legend gives the horizontal atmosphere and ocean resolutions of each simulation and the number of
TCs, n, in each composite profile in (a); shorter simulations in cycle 2 have smaller n. For (b) and (c), all data were regridded to a common resolution of 0.25°.

model/resolution is seen between NEMO and FESOM runs with a 9-km atmosphere. Outer TC size, defined as the
radius at which v, = 8 m s™", Rg, decreases by a factor of ~2 between resolutions of 28 and 2.8 km, from ~3 to
~1.7° (Figure 4a), and therefore smaller than observational estimates at 2.8 km (Schenkel et al., 2017, 2018).
Frequency distributions of Rg exhibit sensitivity to both resolution and the use of explicit convection: higher
resolution reduces mean Ry, and explicit convection shifts the distribution to lower values (Figure 4b). Similarly,
mean integrated kinetic energy within Rg, IKEg, increases with increased resolution (although means are skewed
by small high-IKE TC counts), and the distribution shifts toward higher values with either explicit convection or
reduced cloud-base mass flux (Figure 4¢), which increase inner-core v, (Figure 4a). At lower resolution, simulated
IKEg exceeds ~100 TJ less frequently at 28 and 9 km than in simulations at 4.4 and 2.8 km. This result differs
somewhat from an analysis of models spanning resolutions of ~1 to ~0.25° (Kreussler et al., 2021), which
revealed IKE to be insensitive to this range in resolution because the larger horizontal size of TCs simulated at
~1° compensates low wind speeds. Here, however, high-IKE TCs are poorly sampled—note IKEg is noisy above
~400 TJ (Figure 4c)—and we are unable to assess significance.

Lastly, we investigate the relationship between intensification rate and size. IBTrACS data show an inverse
relationship between intensification rate and RMW. IFS simulations at 4.4 and 2.8 km reproduce the observed
slope of this relationship, with high intensification rate associated with small RMW (Figure 4d). 9-km simulations
exhibit flatter slopes, and the 28-km simulation fails to capture the relationship, exhibiting a flat slope. The slope
is more sensitive to resolution than to whether convection is explicit or parameterized: contrast, for example,
cycle-2 simulations at 4.4 and 2.8 km. IFS simulations are offset from observations, indicating that, for a given
RMW, the simulated intensification rate tends to be higher than observed. However, this may be partly due to
linear fitting: linear fits are shown only to illustrate the scatter for IBTrACS and each simulation, and the rela-
tionship between intensification rate and RMW is evidently non-linear (Chan & Chan, 2018). IFS also simulates a
similar relationship between the latitude of maximum intensity (LMI) and RMW to that seen in observations
(Figure 4e); the latitudinal dependence of TC size is well captured but insensitive to resolution. Binning TCs into
broad intensity categories indicates that both models simulate LMI over a similar range of latitudes to that
observed (Figure S4 in Supporting Information S1). However, simulations with explicit convection tend to
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simulate higher-latitude LMI, particularly in the Southern Hemisphere, which may impact the model RMW
range.

4. Summary and Discussion

We analyzed TC activity (n¢, drc and ACE), peak intensity, intensification rate, and horizontal wind structure in
multi-year, fully coupled simulations performed with two GSRMs—IFS and ICON. Our analyses demonstrate
that simulated TC characteristics improve significantly with an increase in resolution in the atmosphere from
28 km (IFS)/24 km (ICON)—equivalent to previous-generation, HighResMIP-type global models—to storm-
resolving resolution of <5 km. Globally, realistic TC frequency and ACE are simulated in IFS (cycle 2 and 3)
and ICON (cycle 3). Simulated activity for the Northern Hemisphere, however, is below that observed, partic-
ularly for ACE. At resolutions of <5 km, both models capture the observed range of TC peak intensities overall,
but the simulated wind-pressure relationship is model- and resolution-sensitive. IFS exhibits sensitivity to the
parameterization of deep convection and ICON simulates p,.;, that is too low for a given v,,,,. Further work will
examine the sensitivity of the wind-pressure relationship to recent changes in model physics.

A key finding presented here is that GSRMs capture realistic TC intensification rates. Composite intensification
in IFS at 4.4 km and ICON at 5 km mimic IBTrACS observations closely, and this is sensitive to resolution as well
as models' treatment of deep convection. Particularly noteworthy is the ability of IFS at 4.4 km in capturing RI,
which remains challenging in numerical weather prediction (Majumdar et al., 2023), and that it does so at a
frequency close to that observed. This improvement is related in part to the use of reduced cloud-base mass flux,
which increases RI ratio significantly versus explicit convection. In this simulation, deep convection may be
considered partially parameterized, and this, we hypothesize, prevents convection from being triggered too
abruptly in the presence of instability, which can occur in simulations with explicit convection. This may allow
convective available potential energy to build before convection occurs. Testing this, and evaluating its impor-
tance versus that of resolution, is necessary future work.

A second important finding is that the simulated relationship between intensification rate and TC size at <5 km
resolution resembles the observed relationship, indicating that GSRMs may help understand what role, if any, size
has in determining intensification rate. Physical understanding of the size-intensification relationship is devel-
oping (Chan & Chan, 2018). As simulated horizontal inner-core structure is constrained by resolution, TC cir-
culation becomes more realistic at finer resolution, with reduced RMW (Majumdar et al., 2023) and off-center
vertical velocity maxima (Moon et al., 2020). Sparks and Toumi (2022) related a TC's p,,,;, tendency to the ra-
tio of its RMW and inflow or outflow speed, finding that this relationship is particularly important for higher
observed intensification rates. This implies an upper limit on intensification rate for a given RMW and indicates
that not capturing realistic RMW prevents models from simulating realistic intensification. Potentially, inner-core
size is a physical constraint preventing coarse-resolution models from capturing observed intensification rates—
and RI, observed cases of which frequently exhibit a “pinhole eye” (Olander & Velden, 2007). This is also true of
reanalyses, which tend to overestimate inner-core size and underestimate outer-core size, although the repre-
sentation of outer size is improved in ECMWF's Fifth Reanalysis, particularly in the eastern North Pacific basin
where TCs are typically smaller than in other basins (Bian et al., 2021). Reanalysis TC intensity is more strongly
correlated with observed TC size than with observed intensity or latitude (Schenkel & Hart, 2012), but reanalyses
are unable to resolve the inner-core wind structures of intense TCs (Bian et al., 2021; Schenkel et al., 2017).

Shou et al. (2021) reported a decreasing trend in the inner-core size of Western North Pacific TCs since 1981,
coinciding with an increasing intensity trend. However, coarse-resolution models and reanalyses are of limited
use in explaining such trends. We found GSRMs capture RI more accurately but, crucially, also simulate a more
realistic relationship between inner-core size and intensification rate. From a theoretical standpoint, the extent to
which TC intensification rate depends on size remains an open question, but by reproducing the small RMW
associated with the highest intensification rates and representing the observed range in intensity (and other
characteristics), GSRMs may be an important tool in explicating observed TC trends.

Finally, we anticipate that other TC processes for which intensification rate plays a significant role may be
simulated more realistically by GSRMs, particularly air—sea interactions, such as those between ocean eddies and
developing TCs (Zhang et al., 2020), and TC-related precipitation extrema (Lamers et al., 2023). In our analysis,
intensification rate is insensitive to ocean resolution, but previous case-study work, for example, found stronger
cold wakes with increased ocean resolution (Polichtchouk et al., 2022). Further studies of TC interactions with the
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